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Abstract (RCS).Designswere completedfora hovertaskand
evaluatedbyfixedbased,pilotedsimulationwithgood

Thereseate&visionof theNASALewis result. A secondat_li_on of the pattitiomd
ResearchCemerin the area of imegrmedtlightand DMICS_mmch, _th somemodification,was appfied
pmlmlsion¢ommls technologies is descn'bed. In to a mixed-flowvectoredthrustSTOVL¢tmfigmafio_
Innticularthe htegraed 1V_hodfor l'_x_si_a and Again fixed-based piloted sinmlations were
AirframeControlsdevelopedat the Lewis Resm_h accomplish_.
Cemer is desm2_ imhxting its applicationto an
m'_-a_dahem_ Ad_ionany,f=m NASALewishasmen_ f_t _
resea_ directiominimegtmedcot_ls aredesmlx_ DMICSteclmologyand extractedthe benefitsof the

_ d=_ mdt__ _ mi

approachforimcgratedcommldesign,improvingutx=
Tl_ mseamhvision at the NASA Izwis the _ oftl_ DMICS approaches. The

Reseme.hCemerinthe =xa of imegtatedflightamt teclmology is called IntegratedlVlakxtology for
populsionomm]s(Wec)md_]ogiesis toperform _Akfra_Cot_'(IMeAC). Tbispap_wm
_ffrese_htbatisfocmedontbectiticalneeds describe the IMPACmethxl and other research
ofourcmtmm_iscollabotmivewithourimlmmyand conducted in suplxm of the developm_ of this
tmiw_-sitypa_zz=zsa_l includ_ _ for t_lmology. Seco_lly,t_spap_w_ldiscussthcvision
effective technology wa_-. The tec2mologyof ofthe IFTCteamatNASALewisforfutmeresearchin

aircraft€onfiguraicm exh_ significantk_els of
_p_be_ _and__.
Recogtfizi_thatattvanced€onfigmatio_suchashigh IMPAC

vdficles,the I-raghSpeedCivilTransIxat,andpowered Atkm'ch_ oftheIMPACdesignaplXow,his
vehicles, would exln'bit _ ,x,upling, showninFigurel. ThetmjorlMPACdesignstepsare

mseamhetsbegan to developmethodsfor designing (1) _ofintegrated aitframedenginemodelsfor
omro_that_adequm_y_tmscou#ing, omtroldesign;(2)_ controldesign
Coupli_mabeadd_ssedbyk,oki_= dth="t_ c_id_ingt__ ml eagitrsystemasan
"itmerloop"of the IFPC,getmmIlyassociatedwida integratedsystem;O) Partitioningof the cetmalized
bas_akfrm=mi=_emmtymi_t_ot=_o_ =mort= it=, _ a_am= am =_e
mtt_'ou=rtoop'of_n_eC,g==-_'yasso_ su_n_, (4) Op==io_ flight=tv=k_
with the distn-maionof effectorpom:r to _e eXlmsi_ through scheduling of the Pmtifiomd
d,=_laim_d=t=mis_am_t,abi]i_, sukx,m,on_ (5) _ designsuchas

of_m__ forop==io_safe, and
Thefirstsignifierattemptatanadvamed (6)FullsystemcontroIkzassemblyandevaluation.

methodfordesigningintegramdomtrolswastheUSAF These design steps are briefly desm_d in
Design lV_thodsfor h_gtat_ Cotm_ls (DMICS) following. A detailedde_aiptioaof themethxlology

• ProgramTwose_mtea_p_r.l_ om t,asedupon isavagableinRef.[5].
_Zralized desigat,andom basedutxma p=titiomd
designappma_h2,wcrcdevelol_a_lappliedtoanF18 Given that integrated,nonlineardym_c

• co_gmation. Subsequently,the pagitionedDMICS modelsforthesystem=_eavailable,thefnst taskin the
approachwas appfiedin theUS/UKjointpoweredlift IMPACd_sigamethodologyinvolvesgenetmionof
program I-t_ the tar_ al_li_n _ was a dynamicmodels to be used forcontrollaw symhesis
modifiedF16, called the E7D, for shorttakeoffand (Block1). Theseommoldesignmodeisare,in gemtal,
verticMlanding(STOVL)¢apabE'ty.Themodifications traditionallinearperturbationmodelsof the system
inchxteda delta wing¢onfigtwatio_an ,zj¢ctorthrust takenatvariousOlXa-afingpoints.Animportantissuein
system,aventralnozzle,anda reactioncontrolsystem a omtralizedlinear IFPC design approw,h is how



of_ (e.g__ system) d_ntask(Bk_kS)=votv=a._m_for_effects
willcff_tl0c_alidityofthec=_ud_zedlin_u'o0_l ofanyadditionalsubsystemnonlin=a_ics_
h_vsyrup. Th_for_so_"_ng" of_ _ syst_ saf_ limits.Forexan_,_ .
con_ol&signm0detsbasedonnoathrareffeusand I_sion systemwouki_i_ eximamzzJe=_
con_l &dgn mquiremmts,w_l _ requiredto obtain canal limitlogic to _s_ fl_ engim sur_ nmrgins
star.pacedymm_modetsoftl_ inUwaed_ are_ Af_tl= _mdin=rc_ol .
thatwillallowa_udis_"centralizedcontroldesig_ loops havebeen designed,tt_ _ can be

valida_us_ t_ _ dyna_mo_l_ T_
Tlrc(m-aliz_comrol&signlXOCess(Blockzesultof thistaskis _ _ limitaad

2) uses thefullsystemstate-spacelira:atcobol design acconmx_on logic to be addedto the fullenvelope
modelsI_'viomly d_elolx_ aad is bas_ on _le subsystem_x_tonm.
mt_ivmiable_ c(mm)l&signt_dmiquesm._bare
the capabilityto meet the IFPC _ for Thefimltaskintl_IMPACdesignappma_
examp_ _L based _m_l sym_ =dmiques [6]. isx_mbtyof_ fune_vek_nom__
Designctit_a fonmdatedfrom systempeffonmn_ con_llem toform_e closed-loopintegratedsystem.
_luirm_m m_dsyst_ oIxm-loopdymmic sazlks Evahatiom of the fi_ IFPCdesign can thin be
i_vvi_n_ss_€onm)l&signs_'_(e.g., i)_om_dus_ _ sinmladonsas w_IIas
_ or 6m_&2_nt w_igi_ingf_om) for fir p_-in..fl_loop (P1TL)_ "Ibese_mfiom
chos_ _ designt_nique. Becmsettr _ wouktt__al_l_omm_(e.g.,_
cobol law synthesistoolmay xx_lt inahighonler qualifies)againstth__ sysmm ix_onmm_
omtmtizedcontroller,commll_rord_mducfionmaybe _dficafiom.
lx=fe_xxl at this po_t in _z__ Tl_ resultof
t_s_x_ssisano_-at_poims_,centraliz_ As withanydesign_ acl_ing
linearfeedbw,k cox_ller for theintegratedsystem acceptable control &sign using lt_ IMPAC

me_xlologywin _,,'olveimr_ons _'o_h th_vark)m
Once =maccepm_ centralizedco_mller is design steps. I-law_e_, th=stnmglhof th=IMPAC

d=igrd, it is _ _o _ _is_atit=ms_€omp_z=ed
mb.m_on_(_kr.k3)=ing__ _q=s syst=n=e_ &signs_an_ tt=_ _
thatl_v¢ been&vdoped,seefor_mple R=f t_ meansto _cally assesstl_ lcvd of int_ra_
T_ccmoI__ task_lUiX_sthata_ syst=np=fomm__ h gohgfzvm_=st_
controlstmctt_forth=partition__ be_ totheoth=r.Th=controldssigmrcaatlmnmakeson=
For_ample, for th¢/FPCpmbkznfir assuu_ control "k_ tra&,-offsbctwemoomroller¢x)mpL=xity
stmm_is_w_th_ (flight)_l and _-wd p_mm_ at each d_gn sty, tlms
panitionexcmisingsom_authm_ov_thspmpulskm nxiudng th_ mmi_ aad s_werityof tl= d_gn
c=mvl pagit_ Comparisomb=w_mthe_ it=_om.
andpmitioned linzar_ntmnezs aremade to valktate
the partilicm_results as wdl as acceptabilityof the
chosm_conUol_. Th_msaltoftl_ STOVLIFPCIksign
cogm_ _ task is a s= of lkrar
subconm)lle_whichmatchth_peffonma_aml IMPAChasbe(mappliedtothe&signofm
mSusm__ofthe_contmlkrto IFPCforfl_ETD STOVL configur_. This
a stx_fx_ mler_, conf_umfi_ is _ in Hgum2. T_ _ has

bern a d_gn for _ _ made of flightwith a
A_ __ of t_ _ po_ pno_n_based_oft__

d_ned individmlsu_yst_ nonl_ contro_d_ign
nmst be ix_fom_d. Tl= fnst st_pin tl_ _ Y_ 3 is a block diagramofths full
o_oI d_gn invotves_==_ of _ _ _ _ht mi pmputs__zol syst_ T_
subsystem_mu*olle__ fullenvelopeoperation(Bloc,k maineletmntsof t_ ]FPCs_temm'elmeflydesm'bed
4) as&fin=dbyth_systemmquix_m=nls.TypizaIly in the following.Tl_ ai6z-amecontrolsubsystem '
Ibis would involve gain schedulingof individual consistsof thefollowingfourmainsections: thelm_Ot
operatingpoint_Ile_ to accountfor parameter gradk_ and conmmadlimitin_the lateralcontmIl_
variationsdu_tochangeinoperatingcomlitions.Itis and limitlogic blocks,tl_ longitudinal_ .
_dsion_dtl_useofmod_nml_tcomm__ bk=ding,conavn_raadlimitlogicblocks,_a
toolstOlX:ffonntheliasarcon_old_signtasksw_I airframetrimsdrdu_. The pilotgradi_and
mdu_ thecomplexityofc,omrolkrsd_ktling, commandlimitingblockprovkiesroleandrangelimits

aadscalestl_pilote_._sto_ly
The secondsubs'ys_nnonlim_control comamds.The_Itiagconmmdsa_thmpassedto



boththelaterat=dlon#udh_con_II_Tbel=e_ mddngtasksthepilot'sohio:dyewastomaintain
,xmolsystemmain=insckx_d-k,op,xmolofwn _-i._.,nm_of_mgh_pathsyn_lbyovedaying

" r=e,yawr=e,,.a_ sided_an_using_ a_uns, it_ agh_guidan_symbolwh_his_ _
rudder,and roll and yaw RCS. The longitudinal flyanoptimalWaje_ to asimulatedlandi_ Forthe
controlsystemmaintainsdosed-loopcomrolofpitch abortsequenceand_ mm_uverab_tasks,the

, angle andrate,fotw_ velodty andacceleration,and ptTtot'sobjeaivewas to assess the contmllatKl_and
theflightpathan_ us=gthee_,_s,_ nozz_anOe, _ ofthea_raan_on__ cxce_ve
ventralnazzleangle,pi_ RC.,S,andthrustfromtheat_ excmsiomfrom thenominaltlightpath.
and venWalna_es and the ejeatxs. The Uim
szhedu_ provide th_ ntmainalsteadyst_ opta-ating Twopilo_ o_ wilhV/_IDL and powex_
pointinfonmtionforalloftheactuators,includingthe liftaircraftexpetkm_, and the other with exlmsive
m_iml thrustvalues.Thelimitprotectionsdm_ f_er ai_aft _ petfonmd#oted, fued-
boundstbebardactmtorlimitsforbothtbelateraltaxi basedsimulationevaluationsof th_ IMPAC design.
loagittfli_ ¢o_ollm and lavvides limitinfmmtioa _1€ aircr_ms'trv_ timehistoriesforthevettkal
backto thenominalcontrollersto IZ_Ventintegrator andcombincdWaddngtasksare_in_mres4 and

andtomaintainclosed-loopstabilitywhile 5,mspeaively.Asse_nfiomFtgu_4,tb_]Fl_c_gn
uyingto_ dosed-looppeffonmn_, tightlyazcelerationandvelocitycomumds.

_p=h _mand isatso=ra_ wen,a_oughthe_
Theengine_ntrol subsystemaztson thrust is somedelayinrespom=dm to€on_l ctmmmloati_

cemmandsfimnthelongitudinalcomrolsystemThe delay_ The_ is s(mminitialpitch deviationdm to
aiffram_trim schedules also _ thrust trim decekrationconm_ndwhichthepfiots felt couldbe
¢ommndsandgainschedu_ v=iab_ totheengine bothetso_ininsmmmtmght.There_u_m F_gum
subetmtmIler.Th__gin_ sulxx_I_ consistsof th_ 5 alsoshowfightUw.Mngof thevdocity €onmmd as
foIlowingfo_maiasec6ons:the fanspeedsohednle, wen as the bankangleandheading_. The
_nm_,xlengin__ontmller,thesafetyanda_uator verysmallsideslipmspome indicatesgoodturn
nn_tk,gi_,mdthe_t estim=or."n=fm s_d is €_t_timtionwhic.hwinresuttinsignifi,:antredmaonin
sd3ednledasafimmionoflh_totalcommandedlla'ust- pilotwnddoad.
The_ on#no¢ont_IIcrmaintainsdosed-loop
€o_l ov_ fanspeedandthe11m:eestimatedengim The Ingotcon_m_ _'vealed goodvertical
thrusts(_andventra_nozz_andeje,_).Whik:fan mghtp_ tr_kingwithex_ne= d=x,u#ngfrom
speedismeastmxldimaty, ameasmeofa_=le_gin¢ velocityand lateralresponse. Also, the
fl_-ustisnotavailable,soanonlimarstaficmodelofth¢ reflected a good capatElityto maintain steady
engine_ _ of thv _ginv thrusts8iv_ de_l_ati_ while _ tt_ ghost symbol to a

the closed-loopcon_l by manipulatingthe fuelflow, ix_fonn abortsequencesand large mancuvea'atKtity
fl_ecjeaor [medly valve position,and the aft and dm_ without loss of oomol _ or
ventralmmzlem_a_ The enginelimitlogio¢omaim exoessive woddo_ _ did exist, knvev_,
actuatorrateandrangeboundsand op==k_ limits umonmmded pitch_ due to oouplingwith
f_r the engine,omsistingof the a_¢el/deoelfuel flow flightpalhand accderation¢otmmnds. Ihese pitch
_ts, thef_ staUre=gin,,,,_,,_ burnerpn_s=e., acviaiomoouk_becomeo_aiomb_einmovingb_
andfannaorovetsp¢_ Limitinfmmaionis fedbac,k sinmlationand indicated a need for better pitch
to the nominalcontrolsystem to maintain_ _flationintheintegtat_¢ontroldesign. Some_
dminglimit¢ondifiom.A secondversionofthelhmst deviations_ duet_couplingof pitch and
es&mtoHsus_dtoca_ula_ thn_boundsbased_th_ de_le_k)n cxmxmndscausedby a_uam"
engineac_el/de_l _. Thesethmstboundsam fromth_e_con_ol Ove_l,_h_in_con_l
fed back to the longitndinalcontrolkracu_torlimit designgavemccessfull_fonmme in its fast Iffioted
block to provide thrust Conlnand limits for the sinmlafionofthe STOVLmamuvcts, and this study

omtrollcr, assisted in revealingknlauvcaxmtsfor an
• control_

h onlertoevaluateth_peffonmnceofthe
integratedcontroldesign, a p_oted _ was
peffom_ on tt_ fixed base flight simu_. The

' majorobjectivesofthepilotedevaluafionwereto assess CummtandFutureDire_om
_mtrollatn3ity,petfonmme and Wotldoaddining a
series of fourflight somarios. The four s_matios _, theNASALewisIFPC_ is
included a vertical trmking task, a combimd pmgressingonthreefi'onts.Yn_,weareconlitmi_to
longitudinalandlateralUackingtask,analxatsequem¢, developtheIMPACmethodby additionalresearchinto
and a generalmam_ sequence. For the the al_ of _ seawh algori(inm to



integratedcontrol He_ _h¢idea is to applygen_ Secxmd,_xe is a nt_d fora _ full
mimpm_€t_ p=tmo,_pm_ oft_ scale,flightammstmioaoft_ffofan_

_ is m ¢q_miv¢pmposit_a_ wm
S¢€o_ we areemplmiz_ transferof _ _ _lui_ thei_mmes of mo_ thata single

bas_te¢tmologics_in_IMPAC STOVL _ msum_ in a ¢oopcmive _ of ,
_l:,plic=ionm the pfivam sector. 'Ihcs¢ spedfically natioml_ _ scope.
_lud¢ _ H I_fi_'y dcd_ _ g_xd, some
mwandcffectivewaysmhandlcimcgramrwi_lupand _, the IMPAC method has been
aca_0r_ m__ _ and_ _ appendtott_"ira=_p" c_trolaes_
IMPAC methoditself, problemTl_x_tstcpwfllbetomodi_ytl__

toenablehighly_ "outerloop"c_m_lsystem
Thi_ w¢=_ b_0nningapmgzamtodev¢]op designs.Thisw_1enableth=d_sign_toattackboth

a soi_,_r¢based tool _at will ¢mlxxtylh¢ MPAC aspects of a ¢omplct¢integrated
_ for intc_rat_ ccmlrolsdesign. It L_t_ conlzo|_

that this sofiwampacka_w_l establishan
mr,hitectm_that w_l notanly emompasstim IMPAC Co_hxli_ Rcmm_
aptcoachbmalsow_lk_hxl¢o_¢r designme_ th_
haw be_ ix_s_ for applicationto h_l NASA Lewis _ _ (LeRC)
controlsdesign. For example,NASA Langleyhas _ have developed a second gestation
dcvdo_e_A_too_sf__designof _ c_ro_s design mcthodok_yand
fli_=_o] systems.T_s_tootsam_se_t_on _k=x=swa_the_logy throu_
several yems of resemvh in areas such as _ _on €_zoI designfor a complexSho_
_ assignme_° and Stoc,lms_ Optimizzfion Take-Offand Ve_cal Lmding aircu_ configum6_
Feedback/FeedfcxwaniTedmology(SOFFT)_kThese _ integratedcorals a_ivitiesat LeRCimlud¢
tecmobgics,_ SOFFr,coted_0usedwi_ah tra_feroft_i_m con_o_te_mo_s_,_
the IMPACframeworkto pezfomathe ¢¢mtmlized aezospacokxt_t_through_ixograms, furltx_
design andpotmfiatlythe _ _ or in a dcv_ of lh¢mctlxxtologythm_h _ md
stand alone modeforflightcc_Is. F'mally,it is spomomdmscamhattmiversitics,anddeve_of
bdicvcd (hat a ¢ardul_ dcfmiti_ and the a ¢(m_pu_aided softwarededgn _ol f_r intcgra_
_ of =nbc&tcd¢xtx_ designadvicewould co_] syste_desi_ It is e=_isie_l tl_t tt=s¢
mak_s_ a soRw_d=si_toola _ mi ac_ivi_swill n_altia _ a_ptm_ of tl=
cxlnm_lyuseful_. Tl_swouldestablLsha de advam:edintegratedcontroldedgntedmiquesandwi_1
faro standardto he.lpfocm fun_ imcgra_ ¢o_ols allow for radicalmw _ ve_l¢ dcsigm _t
[oolsand_ dcv_formaxin_nimpa_a[ _ _ pe_om_an_ iml_Oveme_over
n_nlm_ inv_ _ _gura_.

In tl_ fua_ s_ see three_ reeds in
th_ =ea of integm_ co_rols. Tl_ fus_,as _ Re_mes
_ would be the completionof a prototype
soRwamdesign_ for_ conlmls. Itis 1. SmiIk K.L, 'Dd_ lvlatxxlsfor _
obvim_ty highly deslmbl¢that this dedgn capaln_ Co_ml Systems," AFWAL-TR-86-2103,
mdme designprocessfim_andyieldmmh mornrobmt g_igi_PammonAFB,OH,_ 1986.
_o_o__s_ A_ma_y,a_ p=mpsm_
import,m_ in the long rim,suda a dedgn capably 2. Shaw, P.D., Rock, Sa_, and F'mk,W.S.,
should enable a mw level of imera_on _ _ 1V_aods for IntegratedC_trol
advamedconfigaratkmdes_mmandt_Imtsmn Syst_as,"ATWAL-TR-88-2061,Wright
subsystem sp¢ciafi_ In the futt_, advanced Pat_sonAFB, OH,Jun¢198&

_ofcouplingembledbyrolmstIFPC. Itisth_ 3. Adibhafl_ S., et aL, "STOVL Controls
opinionofthe an_rs _ha_t_ pastpra_ in _ Tedmology,"finalrqxm forNASA
deserts_d in _ d_-_m th= avoid_ No. NA_25193, _ _
¢o_ling. lhiswasan__mth_b_pas_itwas En#t_ Evmdale,OH,Ma_ 1994. '
too _ or too complex toImrfonnsmccss_
integra_ designs. Such a mw _ would flee 4. Weiss,C.etal.,"STOVLControlshaegrafion
the advanced designerto look for and achieve Program,"fiml _x)rt forNASAcontractNo.
poUent_ radioal designs that would represent NAS3-25194,Pratt&.Whitn_, WestPalm
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I)ILOTEDSIMULATIONRESULTS

• Vertical q'r,lckin_,Task
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Figure4.-Example Tune HistoriesforVerticalTrackingTask.
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PILOTED SIMULATIONRESULTS (contd.)

* Combined Vertical and Lateral Tracking Task
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